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Selenium is a vital trace element present as selenocysteine (Sec) in proteins that are, thus, known as selenoproteins.
Humans have 25 selenoproteins, most of which are functionally characterized as oxidoreductases, where the Sec residue
plays a catalytic role in redox regulation and antioxidant activity. Glutathione peroxidase plays a pivotal role in scavenging
and inactivating hydrogen and lipid peroxides, whereas thioredoxin reductase reduces oxidized thioredoxins as well as
non-disulfide substrates, such as lipid hydroperoxides and hydrogen peroxide. Selenoprotein R protects the cell against
oxidative damage by reducing methionine-R-sulfoxide back to methionine. Selenoprotein O regulates redox homeostasis
with catalytic activity of protein AMPylation. Moreover, endoplasmic reticulum (ER) membrane selenoproteins (Sell, K, N,
S, and Sell5) are involved in ER membrane stress regulation. Selenoproteins containing the CXXU motif (SelH, M, T, V,
and W) are putative oxidoreductases that participate in various cellular processes depending on redox regulation.
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| 1. Introduction

Most reactive oxygen species (ROS) are generated as by-products of cellular redox processes, including mitochondrial
respiration and are known to be harmful to human health when their cellular levels exceed the physiologically acceptable
level. However, moderate ROS concentrations play a crucial role in regulating signal transduction and cellular functions,
such as proliferation and differentiation, via protein oxidation L. Nevertheless, ROS are toxic and can damage various
biological molecules, such as proteins, lipids, and nucleic acids. Thus, the imbalance between ROS production and
antioxidant capability of the organism is often associated with the development of various chronic pathologies, including
cancer, cardiovascular diseases (CVDs), diabetes, neurological disorders, ischemia/reperfusion injury, age-related

alterations, dysfunctions related to immune defense and inflammatory responses, and other diseases LIZRI4IEIEIIE]][10]
[y

Antioxidant enzymes such as superoxide dismutase, catalase, and other redox enzymes, including selenoproteins, and
low weight antioxidant molecules such as carotenoids, ascorbate, vitamin E, a-lipoic acid, and glutathione (GSH) are
essential for maintaining the “steady state” concentration of ROS, which helps to regulate the redox balance and maintain
cellular homeostasis. Most functionally characterized selenoproteins have catalytic activities owing to their selenocysteine
(Sec) residue and act to neutralize and remove ROS. Therefore, they protect against oxidative stress. Selenium was
considered a toxic element for humans and other mammals but is now considered an important trace element, as the
benefits of dietary selenium supplementation have been identified 12, Selenium is widely distributed in various tissues
and organs after absorption and performs important biological functions through regulating the synthesis of selenoproteins
and being incorporated in selenoproteins 3. Furthermore, some selenoproteins are also involved in regulating the
activation of signaling pathways and cellular functions. In this review, we provide a brief overview of the various functions
of selenoproteins and their roles in redox regulation and physiological functions.

| 2. Selenocysteine in Selenoproteins

Sulfur and selenium have similar physicochemical properties as both are members of the chalcogen group and undergo
thiol-disulfide exchange reactions in the form of cysteine (Cys) or Sec, respectively 4. However, Sec is more reactive
than Cys under physiological conditions as it has a lower pKa (~5.2) than Cys (~8.0); thus, it can exist as a nucleophile
without electrostatic interactions and, therefore, has enhanced catalytic efficiency. The Sec residue in most selenoproteins
is located in the catalytic region, where it catalyzes the reduction of oxidized Cys residues, such as disulfide and sulfenic
acid 12, Studies have shown that removal of the Sec residues by oxidative selenium elimination, limited proteolysis L8],
as well as specific alkylation of the Sec residues at pH 6.5 1817 |eads to catalytic activity decrease. Moreover, the
substitution of Sec with Cys also results in a marked reduction in catalytic efficiency 18I19[20]



Selenoproteins exist in three kingdoms of life, whereas yeast, fungi, and higher plants lack selenoproteins. Instead, they
have alternative cysteine-containing homologs 1. Sec is the 21st amino acid encoded by the in-frame UGA codon, which
is usually recognized as a stop codon; therefore, it requires specialized machinery for its incorporation into proteins. This
machinery comprises a selenocysteine tRNA (Sec-tRNASeISeC) 3 secondary stem-loop structure named selenocysteine
insertion sequence (SECIS), SECIS Binding Protein 2 (SBP2), and other protein factors 2223 However, its molecular
mechanism remains unclear. For Sec-tRNAISe1Se¢ synthesis, selenium can be intaken from dietary sources, including
organic forms such as selenomethionine (Se-Met) and inorganic forms such as selenate and selenite 23l To utilize
selenium from Se-Mets, they are converted to Sec by the trans-selenation pathway similar to the trans-sulfuration
pathway for Met. Then Sec is converted to H,Se by Sec b-lyase [24, |n the case of selenite, it interacts with glutathione
and is directly reduced to H,Se. Both organic and inorganic selenium sources become H,Se and is then converted to
selenophosphate, which reacts with tRNA-bound serinyl residues to produce Sec-tRNA[Se1Sec [25] | eykaryotes and
archaea, SECIS is located in the 3'-untranslated region (UTR) and interacts with trans-acting factors 22281, This unique
feature of SECIS elements and the in-frame UGA codon has been largely adopted for in silico selenoproteome
identification in diverse organisms. This is a peculiar feature, considering that another sulfur-containing amino acid Met
and Se-Met cannot be distinguished by a Met tRNA, and therefore, Se-Mets are incorporated in proteins randomly 22,

Selenoproteins are essential for survival in many organisms, including humans. For example, prostate epithelium-specific
selenocysteine tRNA gene Trsp deletion leads to oxidative stress, early-onset intraepithelial neoplasia 28, and early
embryonic death in mice 2. Moreover, mammary gland-specific Trsp knockout (KO) mice showed that p53 and BRCA1
expression changed, resulting in enhancing susceptibility to cancer 2%, which indicates that selenoproteins are essential
for mammals. Based on Sec residue localization, selenoproteins can be divided into two groups. In the first group, which
includes all thioredoxin reductases (TrxRs) and selenoprotein | (Sell), SelK, SelO, SelR, and SelS, the Sec residue is
located in the C-terminal region. The second group, which contains the rest of the selenoproteins (glutathione
peroxidases, iodothyronine deiodinases, SelH, SelM, SelN, SelT, SelV, SelW, SPS2, and Sepl5), is characterized by the
presence of the Sec residue in the N-terminal region, as part of the redox-active thioredoxin (Trx)-like
selenylsulfide/selenolthiol motif 21, SelP has an N-terminal redox Sec and multiple C-terminal Sec residues 2. Over half
of the mammalian selenoproteins possess the Trx-like fold 23]; its common feature include a two-layer o/B/a sandwich
structure and a conserved CXXC motif (two Cys residues separated by two other amino acid residues). The CXXC motif
is a “rheostat” in the active site 24, because changes in residues that separate the two cysteines influence redox
potentials and pKa values of cysteines, configuring proteins for a particular redox function 2. Altering the CXXC motif
affects not only the reduction potential of the protein but also its ability to function as a disulfide isomerase and also affects
its interaction with folding protein substrates and reoxidants 29, The Trx-like fold is commonly observed in proteins, most
of which function in disulfide bond formation and isomerization and regulate the redox state of the Cys residues for other
functions. Sepl5, SelH, SelM, SelO, SelT, SelP, Selw, and SelV contain a CXXU motif, indicating that they have an
antioxidant activity, which corresponds to the CXXC motif of the Trx active site. A variety of approaches has been used to
determine the biological function of these selenoproteins. However, most selenoproteins (thioredoxin glutathione
reductase, SelH, Sell, SelM, SelO, SelT, SelV, SelW) have no known functions. Interestingly, the selenoproteins with
identified functions (redox functions) are all oxidoreductases that contain Sec in the catalytic center and participate in
various redox processes, such as antioxidant defense, redox signaling, redox regulation of biological functions, and many
other processes that regulate intracellular redox homeostasis BHSEIS7I38]

| 3. Selenoprotein R

SelR (also designated as MsrB1l) is an antioxidant enzyme that uses Met to defend cellular macromolecules against
oxidative stress. Met is a sulfur-containing amino acid that is readily oxidized to Met sulfoxide by ROS; subsequently, Met
sulfoxide reductases (Msr) such as SelR reduce Met sulfoxide back to Met 2. Met sulfoxide contains two diastereomeric
forms, Met-S-sulfoxide (Met-S-SO) and Met-R-sulfoxide (Met-R-SO) 9. Met-R-SO is reduced by the MsrB family of
proteins, including SelR, whereas Met-S-SO is reduced by the MsrA family of proteins 1. Mammals have one MsrA and
three MsrBs, namely, SelR, MsrB2, and MsrB3 28 Among these, SelR is the only selenoprotein that is localized in both
the cytosol and nucleus. SelR is present specifically in vertebrates and appears to have evolved separately, having the
lowest homology with other Msr enzymes 42,

SelR expression is regulated by dietary selenium; its mRNA expression level is low in a selenium-deficient diet, but this
can be reversed by dietary selenium supplementation 43!, SelR activity was also found to reduce with age 4. SelR has
catalytic activity, especially for protein-bound and free Met-R-SO but has low catalytic efficiency. Like other Msr enzymes,
SelR is an oxidoreductase that requires Trx/TrxR/NADPH to recycle its oxidized form to the reduced form (Eigure 1A) 2],
Along with its catalytic activity toward protein-bound Met-R-SO, SelR plays a role in repairing oxidized proteins, thus



protecting the structure and function of proteins against oxidative stress 48, SelR also regulates biological processes via
the reversible oxidation/reduction of Met residues in proteins. The oxidation of Met residues at certain sites by either ROS
or enzymes often leads to changes in protein function, which can then be reversed by SelR-catalyzed reduction of the
said Met residues 44, For instance, it was found that F-actin disassembly caused by the stereospecific oxidation of the 44
and 47 Met residues in actin by MICAL proteins can be rescued by SelR 48, Actin cytoskeleton dynamics regulation is
important for many cellular responses, including neural development, muscle contraction, and filopodia formation (42150
1. Moreover, F-actin assembly is known to be bidirectionally associated with the mitogen-activated protein kinase
(MAPK) pathway, which controls many cellular processes, including cell proliferation 2. Accordingly, SelR is a potentially
redox-dependent regulator that participates in many cellular processes and signaling pathways related to actin
cytoskeleton dynamics via F-actin assembly regulation.
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Figure 1. (A) Catalytic mechanism of SelR reducing methionine-R-sulfoxide (Met-R-SO). The catalytic selenocysteine
(Sec) residue attacks Met-R-SO and forms the intermediate selenenic acid with Met release. The resolving cysteine (Cys)
residue attacks the intermediate, resulting in the formation of intramolecular selenide—sulfide bond. The intramolecular
selenide—sulfide bond of SelR is directly reduced by thioredoxin (Trx) system. (B) Role of SelR in various organs and cell

types.

SelR KO mice exhibit increased oxidative stress in the liver and kidney with exacerbated hepatotoxicity 23134, SelR is
also required for human lens epithelial (hLE) cell viability against oxidative stress-induced apoptosis and attenuates
cataracts 25, Since membrane-bound proteins in hLE cells from patients with cataract contain high levels of Met sulfoxide
residues, SelR may directly retard cataract 28, SelR appears to play an important role in innate immunity; however, its
underlying mechanism is poorly understood. In macrophages, SelR expression is induced by lipopolysaccharides and is
involved in controlling macrophage function by promoting the expression of anti-inflammatory cytokines, such as IL-10
and IL-1RA B4, Neutrophils were also shown to have high levels of SelR expression in response to excessive ROS.
Moreover, a recent study has suggested that decreased SelR activity in neutrophils might be associated with AD 58, A
study has also shown that SelR is highly expressed in carcinoma cells in response to increased oxidative stress, and may
thus enhance carcinoma cell survival. Moreover, SelR expression upregulation aggravates oncogenesis by promoting
proliferation via MAPK pathway activation and promotes invasion and metastasis by regulating actin cytoskeleton
dynamics B (Figure 1B).

| 4. Selenoprotein O

SelO, the largest protein among the 25 mammalian selenoproteins, is expressed in a variety of organs, such as the brain,
heart, liver, kidneys, lungs, and stomach (6111621 ynlike SelR and GPx1 expression, SelO expression is not influenced by a
selenium-deficient diet 2. In higher eukaryotes, SelO contains a single Sec residue near the C-terminal region [E62],
Notably, in lower eukaryotes and all prokaryotes, the Sec residue in SelO is replaced with an invariant Cys residue (63!,
Mammalian SelO is located in the mitochondria 8283] and the occurrence of the CXXU motif in the C-terminal region



suggests that SelO might have a redox-active Sec residue, similar to other thiol-dependent oxidoreductases 62, SelO
activity in Escherichia coli is regulated by intramolecular disulfide bridge formation between a Cys residue in the activation
loop (Cys272) and the Cys residue in the C-terminal region (Cys476), with the latter being replaced by a Sec residue in
higher eukaryotes (3. Using bioinformatic tools, Dudkiewicz et al. predicted that the three-dimensional structure of SelO
may be similar to that of a protein kinase and that it might have phosphotransferase activity 4. Recently, structural
studies have shown that SelO is a highly conserved pseudokinase that transfers AMP from ATP to Ser, Thr, and Tyr
residues in its substrate protein via a process known as AMPylation 3], SelO plays a role in response to oxidative stress
and regulates global S-glutathionylation levels via AMPYylation in conjunction with glutaredoxin €3l (Figure 2). Furthermore,
SelO has been shown to play an essential role in chondrocyte viability, proliferation, and chondrogenic differentiation 2!,
However, the physiological functions of SelO remain unknown. As such, further research is needed to clarify its
physiological functions, role in disease, and association with other redox enzymes.
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Figure 2. Selenoprotein O (SelO) mediates protein AMPylation and protects the cell from oxidative stress.
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